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Abstract 
 In natural populations, reproductive success and survival largely depend on phenotypic 
traits that are functionally relevant in a given context. It is also important for individuals to be 
able to respond adaptively to a fluctuating environment and to provide reliable information about 
this ability to conspecifics. There is remarkable variation in phenotypic traits such as sexual 
signals and behavior that stems from variation in the physiological mechanisms mediating trait 
expression, and in turn, physiological systems are shown to greatly influence fitness outcomes. 
In order for evolutionary processes to shape sexual signals and behavior to be both informative 
and adaptive, variation in the underlying physiology that regulates phenotypic trait expression 
should be explained by the variation in the expressed trait and genetic variation that selection can 
act upon. 
 The avian glucocorticoid hormone corticosterone (CORT) is a steroid hormone involved 
in many important physiological and behavioral processes at baseline levels and also at heighted 
concentrations in response to stressors. Within populations, inter-individual variability in both 
baseline and stress-induced CORT concentrations is often substantial, and can predict 
reproductive success and survival in free-living populations. Sexual signal traits have been 
proposed to convey information about individual variation in the response to stressors, but these 
iv 
 
links are not well understood. Likewise, while previous studies have found that patterns of 
CORT secretion are likely shaped by evolutionary processes, few studies have attempted to 
estimate the relative roles of genes and environment on variation in CORT profiles in natural 
populations. The aim of my thesis was to address these gaps in our knowledge about the 
relationship between a sexually selected melanin-based plumage trait and the stress response as 
well as the heritability of CORT secretion, which will ultimately serve to provide information on 
whether selection can shape phenotypic traits important to reproduction and survival.   
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Chapter I: Assessing connections between a melanin-based sexual signal and individual 
corticosterone profiles at two temporal scales in North American barn swallows, Hirundo 
rustica erythrogaster 
 
 
Introduction 
The theory of sexual selection predicts that variation in morphological or behavioral traits 
is shaped, in part, by variation in mating success (Darwin 1859, 1871, Andersson 1994).  Some 
models of sexual selection (Zahavi 1975, Folstad and Karter 1992) indicate that conspecifics 
derive relevant and reliable information from these variable features of morphology and 
behavior, such as an individual’s fighting ability, health status or social dominance. Previous 
research on the potential information conveyed by sexual signals has placed a large emphasis on 
an individual’s physiological state, which is known to impact behavior and fitness, and may also 
modulate the development and expression of these traits. In particular, the sex steroid 
testosterone, which plays a role in behaviors important to reproduction, has been shown to 
regulate the elaboration of some types of sexual signals. For example, testosterone promotes the 
black bib plumage size in house sparrows (Passer domesticus) (Gonzalez et al. 2001), increases 
bioavailability of carotenoids for beak brightness in house finches (McGraw et al. 2006), and 
controls the timing of development and brightness of ornamental plumage in fairy-wrens 
(Malurus cyaneus) (Peters et al. 2000).   
Signal traits have also been proposed to convey information about individual variation in 
the response to stressors, but these links are not well understood. Glucocorticoids (predominantly 
corticosterone in avian species; hereafter ‘CORT’) modulate many physiological and behavioral 
components important to fitness, including metabolic function and the behavioral response to 
stressors. CORT secretion occurs in a circadian rhythm to promote mobilization of energy stores 
through glycogen breakdown, gluconeogenesis, and lipolysis (Charmandari et al. 2005).  
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Individuals increase CORT secretion when faced with perturbations, initiating a variety of 
physiological and behavioral changes that likely increase immediate survival (Seyle 1937, 
Wingfield et al.1998).  Given that CORT mediates many important physiological processes and 
behavior, it is not surprising that a relationship has been found between circulating CORT levels 
and parental care (Ouyang et al. 2011), predator avoidance (Clinchy et al. 2011), and survival 
rates (Blas et al. 2007, Romero & Wikelski 2010). Moreover, inter-individual variability in both 
baseline and stress-induced CORT concentrations can be substantial, and recent evidence 
indicates that this variability is correlated with measures of fitness in several avian systems 
(reviewed in Wingfield 2003, Bonier et al. 2009). 
Another interesting feature of CORT is that it may be associated with melanin production 
and pigment deposition – the underlying basis of many morphological signals under sexual 
selection (e.g. Safran & McGraw 2004, Siefferman & Hill 2003, Roulin et al. 2001) - making it a 
likely candidate in mediating the information content of melanin-based traits (reviewed in 
Ducrest et al. 2008). CORT and melanin stimulating hormone (MSH) have a reciprocal 
relationship in modulating the other’s production and actions at receptors, therefore, melanin-
based signals may convey information about underlying glucocorticoid profiles and the ability to 
respond to stress. Through the pleiotropic effects of α-MSH on various melanocortin receptors 
(MCRs) located throughout the body, α-MSH has been implicated in modulating the stress 
response such that darker individuals are predicted to have greater “resistance to stress” (Ducrest 
et al. 2008). More specifically, it has been shown that α-MSH suppresses corticotropin-releasing 
hormone (CRH) secretion (Racca et al. 2005), which is a neurohormone important in stimulating 
CORT secretion in the adrenal glands, and ultimately reduces circulating CORT concentrations. 
In support of this hypothesis, Almasi et al. (2010) experimentally elevated CORT in barn owl 
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nestlings and found that darker eumelanic nestlings had lower elevated CORT levels and 
returned to baseline CORT concentrations more quickly than lighter conspecifics. Additionally, 
experimentally increasing CORT is suggested to inhibit phaeomelanin pigment deposition in 
feathers (Roulin et al. 2008) through the actions of CORT on melanocyte MCR receptors. 
(Slominski 2004). Thus, empirical evidence supports that both eumelanin- and phaeomelanin-
based traits may provide information about an individual’s circulating CORT levels and, 
potentially, their ability to cope with stress. However, the color content of some sexually-
selected traits depends on the ratio of these two pigments, and little is known about whether 
these traits convey information about individual variation in corticosterone secretion to a 
potential mate.  
Despite this potentially important link between CORT and melanin-based traits, little is 
known about the role of glucocorticoids in sexual signaling.  The objective of this study is to 
better elucidate the association between CORT and melanin-based plumage coloration using the 
North American barn swallow, Hirundo rustica erythrogaster, as a study system. Melanin-based 
plumage color is a sexually-selected trait in H.r. erythrogaster, and males with darker ventral 
plumage color are shown to have greater reproductive success than lighter conspecifics (Safran 
& McGraw 2004, Safran et al. 2005). This melanin sexual signal is comprised of both eumelanin 
and phaeomelanin pigments, and it is the ratio of these two pigments in breast feathers that 
accurately predicts male plumage brightness; darker males have smaller ratios (more 
phaeomelanin) that confer browner hues compared to lighter males (McGraw et al. 2005). Based 
on the hypothesis proposed by Ducrest et al. (2008) that darker individuals should exhibit greater 
“stress resistance” due to a biochemical link shared between melanin production and CORT 
secretion, we explored whether variation in melanin-based ventral plumage color of male North 
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American barn swallows predicts individual variation in CORT concentrations. We tested for a 
relationship between plumage coloration and CORT using three measurements of an individual’s 
CORT profile: baseline (collected within 3 minutes of disturbance), stress-induced (collected 
after 15 minutes of handling restraint) and stress responsiveness (the magnitude of change in 
concentration from baseline to stress-induced CORT). Following both Ducrest et al. (2008) and 
Roulin et al. (2008), we predicted that darker, more phaeomelanic males would have lower 
baseline and stress-induced CORT, and weaker stress responsiveness compared to lighter males.  
In barn swallows, as in many songbirds, there is a temporal disconnect between the 
development of plumage signals, which occurs during the non-breeding season, and their use of 
the signal months later when individuals are often experiencing very different social and 
ecological conditions.  Because both baseline and stress-induced CORT can be variable within 
individuals (Ouyang et al. 2012), the predicted relationships between CORT concentrations and 
feather color may be observed only during the period of feather production. To address the 
potential disconnect of individual physiological state between trait development and trait 
advertisement, we measured CORT concentrations in two contexts: adult males during the 
breeding season (trait advertisement) and nestlings that are actively depositing melanins as they 
develop feathers (trait development).  Like adult plumage color, nestling feather color is highly 
variable and, importantly, is a strong predictor of their adult color (Hubbard & Safran 
unpublished data). Accordingly, an analysis of CORT profiles during nestling plumage 
development may also be relevant for inferring a role of this hormone in mediating plumage 
color in adults during molt on non-breeding grounds in the southern hemisphere.  
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Methods 
 
Capture and sampling 
 
 This study took place in a population of North American barn swallows in Boulder 
County, Colorado during their breeding season between May and August 2010. Adult and 
nestling blood samples were collected from the brachial vein using a heparinized 
microhematocrit capillary tube and placed on ice until plasma could be separated from blood by 
centrifugation. Plasma samples were then stored at -70 °C until assayed. Following a 
standardized restraint stress protocol, blood samples were collected within 3 minutes of initial 
disturbance for baseline CORT (Romero and Reed 2005) and 15 minutes after disturbance for 
stress-induced CORT. Between blood sample collections, mass was recorded and a small sample 
of breast feathers (~ 5) was taken from the melanin-based breast patch and stored in a dry, dark 
envelope until analysis. 
We caught 94 adult males across 20 breeding sites between 8 pm and 2 am using either a 
mist net or by hand off the nest. Adults were banded with an aluminum U.S. Geological Survey 
(USGS) ring and uniquely marked using a combination of colored plastic leg rings and nontoxic 
permanent markers on the white spots of tail feathers. The sex of adult barn swallows was 
initially assessed by sexual dimorphism in characteristics such as the darkness of the ventral 
plumage, tail streamer length (Safran and McGraw 2004), and the presence or absence of a brood 
patch, and whenever possible was confirmed by observing parental behavior (e.g. females do 
most of the incubating). Twelve-day-old nestlings were removed from nests by hand across 17 
sites between 10 am and 5 pm. Nestlings are not strongly sexually dimorphic, and we therefore 
assessed the sex of nestlings using molecular tools (see below). All nestlings were banded with 
aluminum USGS rings and were placed back into the same nest after sample and data collection.  
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Our research protocols were approved by the University of Colorado’s IACUC (permit 
#1004.01), the Colorado Division of Wildlife and the United States Federal Bird-Banding Lab.  
Corticosterone Assays 
 Total CORT concentrations from baseline and stress-induced plasma samples were 
quantified using enzyme immunoassay (EIA) kits (catalogue number ADI-901-097, Enzo Life 
Sciences, Plymouth Meeting, PA 19462, U.S.A.). Assay procedures were optimized for barn 
swallow plasma by stripping samples with Norit-activated charcoal and spiking with a known 
amount of CORT (Wada et al. 2007). Tests across multiple dilution values (1:10, 1:20, 1:40 and 
1:80) and concentrations of steroid displacement buffer (0%, 1%, 2%) indicated that a plasma 
dilution factor of 1:40 with 2% steroid displacement buffer (SDR) was optimal.  Both baseline 
and stress-induced plasma samples from each individual were assayed on the same plate along 
with a six-standard curve.  For adults, standards and samples were run in triplicate with an inter- 
and intra-assay variation of 9.37 % and 12.3%, respectively.  For nestlings, standards and 
samples were run in duplicate with an inter-assay variation of 9.81% and an average intra-assay 
variation of 9.52%. We switched from running standards and samples in triplicate to duplicate 
because we found no significant difference in the calculations of the coefficient of variability 
(CV).  All samples were above the detection threshold (7.4 pg/ml).  
Measuring plumage coloration 
 To objectively quantify plumage color, feathers were collected from the breast region of 
adults and nestlings, and stored in small envelopes in the dark until measured (Safran & McGraw 
2004). Feather color from these samples was assessed by measuring three traditional axes of 
color (hue, chroma, and brightness) using an Ocean Optics USB4000 spectrometer (Dunedin, 
FL). Reflectance data were generated relative to a white standard (Ocean Optics WS-1) and a 
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dark standard (all light excluded), and spectra were recorded with SpectraSuite software package 
(version 2.0.125, Ocean Optics Inc.). Because hue, chroma, and brightness across the ventral 
region of each individual were found previously to be highly correlated (Safran and McGraw 
2004; Hubbard unpubl. data), we used average brightness as a representative metric of the 
overall ventral plumage color of an individual as this is the most variable dimension of our color 
measurements (Hubbard unpubl. data). Lower brightness scores (% reflectance) indicate 
plumage color that appears darker, redder, and more saturated compared to feathers with higher 
brightness scores.  We used our average brightness measurement taken from the breast region of 
adults and nestlings; in nestlings our sampling options are limited to the breast region as other 
regions (e.g., throat, vent) are not easily sampled during feather development. 
Genetic Methods to Identify Sex in Nestlings 
 To include only male nestlings in this study, we determine the sex of nestlings by 
adopting the use of polymerase chain reaction (PCR) with sex-linked markers as described by 
Griffiths et al. (1998) except that 0.25 units of JumpStart Taq DNA polymerase (Sigma) was 
used with a modified thermal cycler protocol: initial denaturation step at 94 °C for 60 s, followed 
by 34 cycles of 94 °C for 45 s, 48 °C for 45 s, and 72 °C for 45 s, and 72 °C for 3 min for the 
final extension.  PCR products were mixed with Sybr Green (Invitrogen), loaded into a 3% 
agarose gel in 1x TAE buffer, and electrophoresis was used to separate different fragment sizes. 
The fragments were visualized using a benchtop UV transilluminator digital imaging system 
(UVP, LLC); products with one fragment were defined as male and two fragments as female.  
Statistical Analyses 
 We analyzed relationships between plumage color and CORT concentration using 
separate models for adults and nestlings. For all analyses, we used general linear mixed models 
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in SAS (v9.2) with breast brightness (% reflectance) as the predictor variable (as it relates to the 
ratio of eumelanin to phaeomelanin; McGraw et al. 2005) and, in three separate models, one of 
three CORT concentration measurements (ng/ml)- baseline, stress-induced, or stress 
responsiveness- as the response variable. We included only those samples that were collected 
within 3 minutes of initial disturbance to represent baseline CORT levels. For adults in our 
study, there was no significant increase in CORT concentration from blood taken between 
capture and 3 minutes (mean ± SD: 1.35 ± 0.58 min, n = 90, F1, 85.7 = 3.24, P = 0.08). However, 
nestling baseline CORT concentration was significantly positively correlated with the amount of 
time it took to collect the blood sample from initial disturbance (mean ± SD: 1.72 ± 0.74 min, n 
= 80, F1, 39.7 = 26.36, P < 0.0001). To correct for a potentially confounding effect of time since 
capture (up to 3 minutes) and CORT, we included a variable to indicate the elapsed time from 
initial disturbance to collection of blood into the nestling statistical models. We also calculated 
the magnitude of the increase in CORT following the onset of the stressor (stress responsiveness: 
stress induced CORT minus baseline CORT) in order to correct for the influence of individual 
variation in baseline CORT. All CORT measurements were log-transformed to create a normal 
distribution, and JMP software (Professional v.9) was used to test for collinearity among all 
variables. 
Statistical analyses in adults 
 To control for non-independence associated with breeding site, we used ‘site’ as a 
random effect. There are natural changes in both baseline and stress-induced CORT 
concentrations that coincide with different life history stages within a breeding season such as 
acquisition of a territory and during nestling provisioning (Wingfield and Sapolsky 2003, 
Romero 2002). We took into account sampling individuals at different reproductive stages by 
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including Julian date as another random effect. In addition to seasonal changes in CORT 
concentrations, there are also circadian changes in circulating CORT levels. Blood sampling for 
adults took place in the evening after birds began to roost on nests, but because the onset of 
roosting is partly contingent upon sunset, sampling time occurred later throughout the field 
season as sunset became later. There was a significant correlation between the time of day that 
stress-induced blood samples were taken and CORT concentration (n = 93, F1, 87 = 3.01, r = 0.31, 
P = 0.003), therefore, we used a covariate ‘sunset correction’ to correct for this potential 
confounding effect in our analyses. Mass was significantly negatively correlated with sampling 
date (n = 93, F1, 88 = 5.16, P = 0.03), and was also included with average breast brightness as a 
covariate in the model. 
Statistical analyses in nestlings 
 We analyzed CORT concentrations from a total of 82 male nestlings. In models for 
nestlings, ‘site’ was included as a random effect to control for any potentially confounding 
effects shared environments may have on CORT concentrations. The factor ‘nest’ was included 
as a random variable in all nestling models to control for any confounding effects of the nest 
environment or parental influences on CORT levels. Julian date of blood collection was also a 
random effect to control for any variation in CORT due to sampling on different days.  We also 
included as a fixed effect ‘latency time’ in the baseline CORT model, which is the time elapsed 
between initial disturbance and blood collection. We removed full broods from 43 nests, but due 
to time constraints related to sampling within 3 minutes of nest removal, we were only able to 
collect blood samples from a subset of nestlings for some nests (mean brood size including male 
and female siblings = 3.9). Brood size (includes the total number of nestlings from a nest) and 
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mass (g) were included in the model as covariates along with average breast brightness, and none 
of these variables were intercorrelated.  
Our data set overlaps part of a larger study involving a cross-foster experiment where 
nestlings were switched from their natal nest at day 1 (16 swapped and 66 not swapped). When 
the category ‘swapped’ was included as a fixed effect in the model, we found a significant 
relationship between stress-induced CORT concentration and whether or not a nestling was 
swapped into a different nest (n = 82, F1, 56.6 = 6, P = 0.02). There was no significant effect of 
‘swapped’ in models with either baseline CORT (mixed linear model: n = 80, breast brightness 
F1, 45 = 0.03, P  = 0.87; swapped F1, 33.8 = 0.11, P = 0.74; standard baseline time F1, 27.9 = 0.32, P 
= 0.58; mass F1, 62.2 = 6.28, P = 0.02; brood size F1, 27 = 0.26, P = 0.62; latency F1, 35.9 = 26.12, P 
< 0.0001)  or  stress responsiveness CORT (mixed linear model: n = 81, breast brightness F1, 69.1 
= 0.23, P = 0.63; swapped F1, 59.1 = 3.27, P = 0.08; standard baseline time F1, 47.9 = 0.29, P = 
0.60; mass F1, 65.5 = 0.36, P = 0.55; brood size F1, 36.9 = 0, P = 0.97) as the response variable and 
swapped as a fixed effect, so we excluded ‘swapped’ from those models. 
 
Results 
 
Adult males 
 
Baseline CORT and Plumage Color 
 
 Controlling for variation across breeding sites (random effect), the Julian date on which 
samples were collected (random effect), body mass (g), and sunset latency, which is the 
sampling time that was corrected for sunset time, we found no statistically significant 
relationship between male ventral plumage brightness and baseline CORT (mixed linear model: 
n = 90, breast brightness F1, 81.7 = 0.42, P = 0.52; mass F1, 84.8 = 3.35, P = 0.07; sunset correction 
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F1,84.6 = 3.19, P = 0.08) (Table 1, Fig. 1a).  Backwards stepwise model selection revealed a final 
model that included random effects (breeding site and Julian date) and fixed factors: mass and 
sunset correction (see Table 1.1 and Figure 1.1a). 
 
Table 1.1.   Linear mixed models of adult male CORT profiles as predicted by average breast 
brightness, mass, and time of day sample was collected corrected by sunset time (sunset 
correction). Site and sampling date were controlled for as random effects in each model. 
Dependent Variable Predictor Estimate SE df F P 
ln Baseline  Avg Breast Brightness -0.01 0.02 1, 81.7 0.42 0.52 
CORT (ng/ml) Mass (g) -0.14 0.08 1, 84.8 3.35 0.07 
 Sunset Correction          0.26 0.14 1, 84.6 3.19 0.08 
ln Stress-Induced Avg Breast Brightness -0.002 0.01 1, 84.7 0.04 0.85 
CORT (ng/ml) Mass (g) -0.01 -0.01 1, 84.8 0.13 0.72 
 Sunset Correction          -0.07 0.08 1, 84.9 0.90 0.35 
ln Stress Responsiveness            Avg Breast Brightness -0.001 0.01 1, 84.5 0.01 0.94 
CORT (ng/ml) Mass (g) 0.02 0.04 1, 84.7 0.13 0.72 
 Sunset Correction          -0.16 0.08 1, 84.9 3.37 0.07 
 
 
 
 
Figure 1.1.   Adult male CORT profile measurement a) baseline CORT, b) stress-Induced 
CORT, and c) stress responsiveness CORT (calculated as the difference between baseline 
and stress-induced CORT) as modeled by average breast brightness.  
Note that lower brightness values translate into darker ventral plumage color with greater 
phaeomelanin content. 
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Stress-Induced CORT, Stress Responsiveness, and Plumage Color 
 We did not find a significant relationship between ventral plumage brightness and stress-
induced CORT (see Table 1.1 and Figure 1.1b). There was also no significant relationship 
between average breast brightness and stress responsiveness (see Table 1.1 and Figure 1.1c). 
Nestling Males 
Baseline CORT and Plumage Color 
 Similar to the findings with the adults, male nestling variation in plumage color does not 
predict baseline CORT (Figure 1.2a) when controlling for site, nest and sampling Julian date as 
random effects, but heavier nestlings exhibited significantly lower baseline CORT and there was 
a significant effect of latency time (see Table 1.2 and Figure 1.3) . 
 
Table 1.2.   Linear mixed models of nestling male CORT profiles as predicted by average breast 
brightness, mass, and brood size. Time from disturbance to sample collection (latency time) was 
a fixed variable in the baseline CORT model, and swapped was a fixed variable in the stress-
induced CORT model. Site, nest, and sampling Julian date were random effects in each model. 
Dependent Variable Predictor Estimate SE df F P 
ln Baseline  Breast Brightness 0.003       0.01      1, 66.8     0.06      0.81                     
CORT (ng/ml) Mass (g) -0.14        0.05      1, 48.9     8.05      0.01                  
 Brood Size 0.03         0.09      1, 28.3     0.11      0.74                                   
 Latency Time 0.01        0.002    1, 40.0      25.79 <0.0001 
ln Stress-Induced Breast Brightness 0.005      0.007    1, 67.6     0.42       0.52     
CORT (ng/ml) Mass (g) -0.02        0.02      1, 68.1     0.69       0.41                                   
 Brood Size 0.04         0.04      1, 39.3     0.75      0.39                                    
 Swapped 0.30         0.12      1, 56.1     5.93      0.02                                       
ln Stress Responsiveness            Breast Brightness 0.004      0.01      1, 72.1      0.16      0.69 
CORT (ng/ml) Mass (g) 0.02        0.03      1, 68.6      0.52      0.47                               
 Brood Size -0.02        0.05      1, 36.8      0.15      0.70                                   
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Figure 1.2.   Nestling male CORT profile measurement a) baseline CORT, b) stress-
induced CORT, and c) stress response CORT as modeled by average breast brightness. 
Figure 1.3.   Nestling male baseline CORT (natural log ng/ml) as 
predicted by mass (g).  
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Stress-Induced CORT, Stress-Responsiveness, and Plumage Color 
 We did not detect a statistically significant relationship between nestling ventral plumage 
color and stress-induced CORT, however, there was a significant effect of swapped on stress-
induced CORT where swapped nestlings had a significantly lower stress-induced CORT 
concentrations compared to control nestlings. Likewise, the variation in ventral plumage color 
was not a significant predictor of stress responsiveness (see Table 1.2 and Figures 2b & 2c). 
 
Discussion  
Testing the CORT-melanin pleiotropy hypothesis 
 It has been proposed that melanin-based traits convey information about an individual’s 
ability to cope with stress such that individuals with darker signals are predicted to exhibit 
greater stress resistance (Ducrest et al. 2008). ‘Resistance to stress’ has been measured in several 
ways, including from CORT concentrations after experiencing a standardized stressor, the time it 
takes to return to baseline levels after experimentally increasing CORT (Almasi et al. 2010), and 
changes in behavior such as nestling provisioning rate following exposure to experimentally 
elevated CORT (Almasi et al. 2008). We tested the hypothesis that darker individuals harbor 
greater resistance to stress than lighter conspecifics by analyzing the relationship between the 
melanin-based sexually selected plumage coloration in the male North American barn swallow 
and three separate measurements of an individual’s CORT profile. Baseline CORT from blood 
samples taken less than 3 minutes after capture was included in our analysis as a measure of 
stress resistance because 1) deviations in baseline CORT can indicate a state of chronic stress 
(Kitaysky et al. 2001, Entinger, et al. 2009), and 2) stress responsiveness, which is calculated 
from baseline and stress-induced CORT, is associated with annual survival rates (Angelier et al. 
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2009, Blas et al. 2007).  In addition to baseline CORT and stress responsiveness as 
measurements of ‘resistance to stress’, stress-induced CORT was also included as it is typically 
used to quantify an individual’s physiological response to a stressor, and is shown to predict 
important fitness measures (Romero and Wikelski 2001, Wingfield and Sapolsky 2003). We 
predicted that if the melanin-based ventral plumage of male barn swallows reliably signals 
information about resistance to stress, then darker males should have lower baseline and stress-
induced CORT, and dampened stress responsiveness. 
 The ventral plumage color of male barn swallows is comprised of eumelanin and 
phaeomelanin pigments deposited into the feathers, and several studies suggest that there is a 
biochemical link between both types of melanin pigments and certain hypothalamic-pituitary-
adrenal (HPA) axis components. Ducrest et al. (2008) proposed that individuals with darker 
eumelanic traits harbor a greater resistance to stress, and modulation of the stress response is 
likely achieved through the pleiotropic effects of the POMC gene peptides (notably ACTH and 
α-MSH) at various melanocortin receptor subtypes throughout the body, and more specifically, 
α-MSH may be indirectly affecting CORT secretion during a stress response by inhibiting CRH 
secretion (Racca et al. 2010). Therefore, individuals expressing plumage traits with more 
eumelanin should have lower CORT profiles. An alternative hypothesis addressing the link 
between the HPA axis and phaeomelanin production proposes that CORT downregulates MC1R 
expression in the skin, thereby shutting down melanogenesis and ultimately phaeomelanin 
deposition (Slominski et al. 2004, Roulin et al. 2008). Taking into account the separate 
biochemical pathways linking eumelanin and phaeomelanin traits to CORT secretion, we can 
infer that both eumelanic and phaeomelanic traits should signal underlying CORT levels. 
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Despite known biochemical associations between melanin production and CORT 
secretion pathways, we found that variation in baseline CORT was not predicted by ventral 
plumage brightness in adults during trait advertisement, and was similarly unrelated to ventral 
brightness in nestlings when feathers are being developed. This is consistent with several other 
empirical studies that looked at the relationship between baseline CORT and plumage coloration 
of a melanin-based trait (Almasi et al. 2008, Roulin et al. 2008, Almasi et al. 2010, Gonzalez et 
al. 2002, Bortolloti et al. 2008). Consistent with our results for plumage brightness and baseline 
CORT, we also did not find a relationship between average breast brightness and stress-induced 
CORT levels or stress responsiveness. However, contrary to our results, other studies support 
that individuals with darker melanin-based traits have lower stress-induced CORT and weaker 
stress responsiveness (Almasi 2008, Almasi 2010). 
There appears to be greater support in the literature for the role of eumelanin-, not 
phaeomelanin-, based traits as honest signals of stress-induced CORT (Almasi 2008, Almasi 
2010); this may be a reason why our results differ from previous ones that have established a link 
between CORT and melanin-based coloration. Even though a high proportion of the total 
melanins are eumelanins in the breast plumage of male barn swallows, individual variation in the 
color of this sexually selected trait is determined largely by the percentage of phaeomelanins 
within feathers (McGraw et al. 2005). If the functional link between melanin-based traits and the 
stress response relies on the biochemistry between molecules involved in eumelanogenesis then 
barn swallows with darker ventral coloration, which is driven by an increase in the percentage of 
phaeomelanins, would not be predicted to signal the variation in CORT concentration. 
The existing research that provides insight into some aspect of the interaction between 
the HPA axis and phaeomelanin production is insufficient to derive clear predictions of the 
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relationship between CORT and the melanin content of a trait. If CORT is capable of blocking 
melanogenesis (Slominski et al. 2004) during feather development, then there should be less 
eumelanin or phaeomelanin (depending on the trait) deposited into feathers for individuals that 
have heightened stress-induced CORT, and quite possibly also for individuals with elevated 
baseline CORT levels. ACTH also is secreted in a similar circadian rhythm and increases during 
a stress response, but binds to melanocortin receptors in the skin to upregulate melanogenesis 
(Rousseau et al. 2007); therefore we would expect that individuals with higher ACTH (and 
CORT) levels would produce darker melanin-based traits. Alternatively, CORT could be acting 
more locally to alter the appearance of the feather, as opposed to blocking melanogenesis, during 
feather development. Glucocorticoids have been shown to increase protein catabolism and may 
restrict the amino acids available to feather growth (Hess 2002, Lattin et al. 2010). Heightened 
CORT secretion over an extended period of time could likely change the feather protein 
composition and overall feather quality (Galván and Solano 2009), altering the appearance of 
color through changes in the feather microstructure. In addition to potential biochemical links in 
melanogenesis and the HPA axis at the level of the skin, there is a pathway similar to the α-MSH 
modulation of the stress response in the brain that exists with agouti-related protein (AGRP).  It 
has been shown that intracerebroventricular infusion of AGRP significantly increased secretion 
of ACTH, CORT, and stress reactivity (Xiao et al. 2003). Taking the same approach as Ducrest 
et al. (2008) but instead with the regulation of the HPA axis by AGRP, we would predict that 
individuals with darker, phaeomelanin-based traits would exhibit heightened CORT secretion in 
response to stress.  
It is clear that there is still a gap in our knowledge of how phaeomelanin-based traits 
would fit into the melanocortin pleitropy hypothesis proposed by Ducrest et al. (2008); in 
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particular we still know very little about the interaction between the biochemical basis of 
phaeomelanin production and the HPA axis. There could be synergistic effects of melanocortin 
receptor agonists (i.e. α-MSH and ACTH), antagonists (i.e. ASIP and AGRP), and CORT on the 
stress axis as well as at the level of the skin to modulate an individual’s stress response and 
melanogenesis simultaneously. Furthermore, the majority of studies analyzing the relationship 
between the HPA axis and melanocortins are with human or mammalian subjects, which may 
have different biochemical mechanisms from each other and from avian species. For example, 
ACTH is locally manufactured in melanocytes and acts as an agonist on MCRs to stimulate eu-
melanogenesis in humans, but ACTH is produced at much smaller quantities in rat melanocytes 
and does not appear to play a role in melanogenesis (Mountjoy 1994). Given that the role ACTH 
plays in melanogenesis, and quite possibly CORT, is not conserved across taxa, it would be 
informative for this to be tested in an avian system.  
Temporal variation in development and expression of melanin plumage color 
In birds, there is a small window of time during which plumage is developed and when 
the melanin pigments in the feathers are actually subject to the underlying physiology of the bird. 
In order to address possible differences in physiological state between the time when pigments 
are being deposited into growing feathers and when plumage color is acting as a sexual signal, 
we looked at the relationship between color and CORT in adults (trait advertisement) and 
nestlings (trait development). Adult North American barn swallows molt on their wintering 
grounds after migration, and because it is not feasible to locate adults from our breeding 
population during molt, we used CORT measurements from nestlings as a way to capture any 
physiological differences present during pigment deposition alongside feather development.  As 
nestling color is predictive of adult color (Hubbard unpubl. data), an analysis of CORT during 
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nestling plumage development appears to be a relevant measure in lieu of tracking adults during 
molt on nonbreeding groups in Central and South America. If we had found a relationship 
between nestling plumage color and CORT but not between adult color and CORT that would 
indicate that either 1) there is a lack of a relationship between various measures of CORT and 
color during trait development and advertisement, or 2) the relationship is reflective of 
potentially significant differences in CORT profiles between nestlings and adults. For example, 
adults likely experience different stressors compared to nestlings and may also have a 
fundamentally different physiological response to stress. However, our results clearly show that 
breast plumage coloration does not reliably reflect underlying CORT profiles at either the time of 
trait development in nestlings or trait advertisement in adults. 
 Due to the nature of feather color being a relatively static trait compared to seasonal 
fluctuating stress physiology, melanin-based feather traits may honestly signal individual CORT 
profiles only at certain times of day or in certain environmental or life history stage contexts.  
Because our measurements of baseline and stress-induced CORT samples are taken from one 
point in time, this specific CORT profile may not be the best representation of an individual’s 
overall CORT profile or their ‘resistance to stress’. Another important aspect of the stress 
response is how quickly an acute stress response is terminated via negative feedback, which has 
been shown to predict survival during severe environmental stressors (Romero & Wikelski 
2010). The ability to terminate the stress response can be quantified by administering the 
synthetic glucocorticoid dexamethasone (DEX), which activates the HPA negative feedback loop 
and reduces circulating CORT (Sapolsky & Altmann 1991). Future studies assessing whether 
melanin-based traits signal stress resistance should take into account an individual’s ability to 
activate the HPA negative feedback loop. 
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CORT and body mass  
Even though we did not find a clear relationship between CORT concentration and 
melanin-based coloration, our results showed that nestling baseline CORT is significantly 
negatively correlated with mass, and this is in agreement with other CORT studies looking at 
mass and body condition  (Malisch et al. 2007, Angelier et al. 2007). That our finding with mass 
and baseline CORT is consistent with other empirical research provides evidence to support the 
accuracy of our sample collection regime and statistical approach. Baseline CORT is important 
in many metabolic processes aimed at maintaining energy reserves, so it is appropriate that mass 
is negatively associated with baseline CORT. Heightened baseline CORT levels in avian species 
functions to support increased metabolic demands that can occur during the breeding season or in 
response to decreased food availability, as well as in preparation for migration (Romero 2002). 
Given that baseline CORT is a strong predictor of mass and is also functionally linked to 
maintaining energy levels and energy stores contributing to overall body condition (Landys et al. 
2006), it is important to take into account mass when assessing the variation in baseline CORT in 
relation to other traits. 
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Chapter II: An experimental analysis of gene by environment interactions and heritability 
of plasma variation in baseline and stress-induced corticosterone  
 
 
Introduction 
 
 Physiological systems enable animals to adaptively respond to the ubiquitous challenges 
of life in a fluctuating environment. There is remarkable versatility and variation in hormonal 
responses within and among individuals, and in order for selection to act on survival-related 
physiological mechanisms, some of the phenotypic variation in hormone function must be 
heritable. In birds the glucocorticoid hormone corticosterone (CORT) is secreted at basal levels 
in a circadian rhythm to facilitate metabolic activity and maintain energy levels, but also 
functions at heightened plasma concentrations as a crucial component of the stress response 
(reviewed in Wingfield 2003). Selection on CORT secretion has been proposed to promote 
adaptation to fluctuating environments and recent phylogenetic comparative analyses reveal 
consistent relationships between mean CORT levels and ecological and social factors across 
vertebrate taxa (Hau et al. 2007, Bokony et al. 2009, Eikenaar et al. 2012, Jessop et al. 2012). 
Within populations, inter-individual variability in both baseline and stress-induced CORT 
concentrations is often substantial, and can predict reproductive success and survival in free-
living populations (Blas et al. 2007, Cabezas et al. 2007, Angelier et al. 2009, Romero and 
Wikelski 2010, Ouyang et al. 2011). Collectively, these patterns suggest both environmental 
influences on, and the potential for natural selection to shape patterns of CORT secretion. 
However, while previous studies have found that patterns of CORT secretion are influenced by 
both environmental and genetic factors (Evans et al. 2006, Cohen et al. 2008, reviewed in 
Charmandari et al. 2005), relatively little is known about the contribution of underlying genetic 
variation to the evolution of CORT profiles in natural populations. 
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 Several studies have elucidated the underlying role of genetics in CORT profiles; 
however, the majority of these studies are under laboratory settings that artificially decrease 
natural environmental variation. For example, selection studies have been successful at creating 
high and low stress-induced CORT lines in captive settings (Satterlee and Johnson 1988, Evans 
et al. 2006, Touma et al. 2008), and suggest that the stress response has a moderate heritable 
component estimated between 0.20 and 0.30. Most selection studies have focused the heritability 
of stress-induced CORT and relatively few studies have attempted to estimate the contribution of 
genetic variation to variability in baseline CORT concentrations. Moreover, given that most 
studies have been conducted under laboratory settings, we still know very little about the 
heritability of both baseline and stress-induced CORT secretion patterns in wild populations. 
We conducted a cross-foster experiment in a wild population of breeding North American 
barn swallows (Hirundo rustica erythrogaster) to discern the role of gene by environment 
interactions influencing variation in CORT secretion profiles.  The cross-foster experiment 
allowed us to compare measures of CORT (both baseline and stress-induced concentrations) 
between full siblings raised in the same nest and in different nests. Because barn swallows 
exhibit moderately high rates of extra-pair fertilization (approximately 40% of all young are due 
to EPFs each breeding season in Boulder County, unpubl.), natural nests contain a mix of full 
and half siblings. Thus, by conducting paternity analyses, we were also able to compare CORT 
profiles of full siblings and unrelated individuals with those of half-siblings across similar and 
different environments. If genetics plays a major role in defining variation in CORT 
concentrations, we predict that the differences in CORT between closely related nestlings will be 
lower compared to unrelated nestlings, and full siblings will have a moderate estimate of 
variation due to genetics. Similarly, if the environment is an important feature in shaping 
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variation in CORT concentrations, we predict differences in CORT between nestlings in the 
same environment to be lower compared to nestlings in different environments, and we should 
also find a stronger estimate of variation due to environment compared to the heritability 
estimate. The spectrum of relatedness across same and different nests will allows us to discern 
the relative influence of genetics and the environment on CORT secretion patterns in a natural 
avian population. 
 
Methods 
 
Cross-fostering experiment and sampling 
 
Our study population involved barn swallows that nest mainly in horse barns and culverts 
located throughout Boulder County, CO during their breeding season. We sampled across 16 
sites, which range in size from one breeding pair to upwards of 50 pairs, from May through July 
of 2010. To allocate genotypes across different environments, we designed a cross-fostering 
experiment between pairs of nests that had the same hatch date (determined as the date on which 
the first egg in a clutch hatched), and at least three nestlings that hatched by the following day 
(day 1). Two randomly chosen nestlings were moved between paired nests on day 1 such that 
one brood experienced an increase and the other a decrease in brood size. Not all experimental 
brood pairs are represented in our data set as we were unable to verify parentage for some nests. 
Brood size prior to the manipulation ranged from 3-7 eggs (mean clutch size 5), and after 
swapping nestlings ranged from 1-7 nestlings (mean brood size 4). Non-toxic marker was 
applied to the entire leg of swapped nestlings every other day until they were big enough to be 
banded, which was usually five days after hatching; all nestlings were banded with aluminum 
U.S. Geological Survey (USGS) rings. Nestlings from control nests were handled at the same 
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frequency as swapped nestlings. Plasma samples were collected on day 12 to measure CORT 
concentration. To estimate baseline CORT, blood samples were taken within 3 minutes of initial 
disturbance (Romero and Reed 2005). Stress-induced CORT was measured following a 
standardized restraint stress protocol (Wingfield et al. 1992) in which we collected a second 
blood sample 15 minutes after the initial disturbance. We also recorded the mass and other 
morphometric measurements of each nestling between baseline and stress-induced blood 
sampling. All blood samples were collected from the brachial vein using heparinized 
microhematocrit capillary tubes, transferred to microcentrifuge tubes, and kept on ice until 
plasma could be separated from the blood by centrifugation. Plasma samples were stored at -70 
°C until assayed, and the remaining blood cells were stored in lysis buffer at room temperature. 
Our research protocols were approved by the University of Colorado’s IACUC (permit 
#1004.01), the Colorado Division of Wildlife and the United States Federal Bird-Banding Lab.  
Corticosterone Assay 
 
Baseline and stress-induced CORT concentrations were quantified from plasma samples 
using enzyme immunoassay (EIA) kits (catalogue number ADI-901-097, Enzo Life Sciences, 
Plymouth Meeting, PA 19462, U.S.A.). We optimized our assay protocol for barn swallow 
plasma by stripping samples with Norit-activated charcoal and spiking with a known amount of 
CORT (Wada et al. 2007). We found that a plasma dilution factor of 1:40 with 2% steroid 
displacement buffer (SDR) was optimal based on tests with multiple dilution values (1:10, 1:20, 
1:40 and 1:80) and concentrations of steroid displacement buffer (0%, 1%, 2%). A six-standard 
curve was used to measure CORT concentrations for each plate, and both baseline and stress-
induced plasma samples collected from an individual were assayed on the same plate. Standards 
and samples were run in duplicate with an inter-assay variation of 9.81% and an average intra-
25 
 
assay variation of 8.69%. Baseline CORT ranged from 0.35 ng/ml to 19.06 ng/ml (mean ± SD: 
3.85 ± 3.58), and stress-induced CORT ranged from 9.86 ng/ml to 56.22 ng/ml (mean ± SD: 
26.81 ± 10.17). Most plasma samples were above the detection threshold (9.55 ± 2.19 pg/ml 
across plates), but for the eight baseline plasma samples with concentrations that fell below the 
threshold, measured concentrations were replaced with the plate-specific detection threshold. 
This is a standard method to correct for assay sensitivity and did not significantly alter the results 
of our statistical analyses. 
Paternity Analysis 
  
Although barn swallows are a socially monogamous species, fertilization resulting from 
extra-pair copulations occurs in about 40% of our population and was at a 60% rate for the 
families included in this analysis (unpub. data). The social and genetic parents of the nestlings 
involved in our experiment were identified using a combination of visual observations and 
molecular tools. Adult barn swallows were captured by mist net, or by hand off the nest, and 
blood samples were taken using the same protocol outlined above. We banded adults with a 
USGS aluminum ring, and also used a combination of colored plastic leg bands and assorted 
colors of nontoxic permanent markers on the white spots of tail feathers to identify the social 
parents of experimental nests. Sex was assigned by using both morphological (i.e. ventral 
plumage coloration, tail streamer length, presence/absence of a brood patch) and behavioral 
(parental behavior such as incubating) observations.  
We were not always able to collect blood samples from all of the nestlings within each 
nest during the time allotted for blood sampling (0-3 minutes for baseline and 15-18 minutes for 
stress-induced CORT). Nestlings were only included in our analyses if we had collected at least 
one plasma sample from them and were able to get blood samples from both social parents. DNA 
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was extracted from nestling and adult blood samples that were stored in lysis buffer using 
DNeasy Blood & Tissue Extraction kits (Qiagen, Maryland, U.S.A). Polymerase chain reaction 
(PCR) was utilized to amplify six previously developed microsatellite loci (Escu6: Hanotte et al. 
1994; Ltr6: McDonald and Potts 1994; Pocc6: Bensch et al. 1997; and Hir11, Hir19, and Hir20: 
Tsyusko et al. 2007). Reaction conditions for pooled Escu6, Ltr6, Hir20, and Hir11 primers 
consisted of a 10 ul solution with 50-100 ng DNA, 0.12 mM of each labeled forward primer, 
0.12 mM of each reverse primer, 200 µM each dNTP, 3.25 mM MgCl2, 1x PCR Buffer, 0.15 
units Taq polymerase (New England Biolabs, Massachusetts, U.S.A.), and were amplified with 
the following protocol: initial denaturation step of 94°C for 1 minute, followed by 10 cycles of 
94°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with an additional 25 cycles starting at 87°C for 
30 s instead of 94°C, and completed with a final extension at 72 °C for 3 min. The Pocc6 
reaction was modified from the above conditions by using 1.25 mM MgCl2, and the above 
conditions were altered for the Hir19 reaction with 3 mM MgCl2, and 0.2 mM each forward and 
reverse primer.  The PCR amplification protocol for Pocc6 and Hir19 was similar to the pooled 
loci protocol with the exception that 60°C was used for the annealing temperature. Amplified 
PCR products containing the fluorescently-labeled forward primer were detected using an 
ABI3730 DNA analyzer (ABI, Inc.). 
Using GeneMapper software (v4.0, Applied Biosystems), we assigned genotypes for 111 
nestlings and 38 pairs of social parents at all six loci. Additional adult males were genotyped to 
include in our paternity analysis to increase the probability of assigning paternity to offspring 
sired by extra-pair males. Genotypes from adults and offspring were incorporated into a paternity 
analysis using CERVUS software (v2.0) to calculate exclusion probabilities for assessing 
parentage. With a combined first-parent exclusion probability of 0.922 for all six loci, we were 
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able to assign paternity for 68 nestlings that had the same social and genetic father as well as 20 
nestlings that were sired by an extra-pair male. Paternity exclusion was conducted using similar 
parameters described in Neuman et al. (2007). 
Genetic Methods to Identify Sex in Nestlings 
 To assess any potential differences in CORT profiles between male and female nestlings, 
sex was determined using molecular tools. We conducted a PCR protocol with sex-linked 
markers as described by Griffiths et al. (1998) with the exception that 0.25 units of JumpStart 
Taq DNA polymerase (Sigma) was used with a modified amplification protocol: initial 
denaturation step at 94 °C for 60 s, followed by 34 cycles of 94 °C for 45 s, 48 °C for 45 s, and 
72 °C for 45 s, and 72 °C for 3 min for the final extension. PCR products were visualized from a 
benchtop UV transilluminator using Sybr Green (Invitrogen) on a 3% agarose gel. 
Statistical Analyses 
 The cross-fostering design in conjunction with a high extra-pair paternity rate created a 
mosaic of genetic and environmental relationships among nestlings: full siblings raised in same 
and different nests, maternal half siblings raised in same and different nests, and unrelated 
nestlings raised in the same nest. There were only a small number of paternal half siblings that 
we could identify, so that relationship is was not included in our analysis. Baseline and stress-
induced CORT measurements were natural log-transformed to create a normal distribution. We 
included the variable ‘latency time’, which is the elapsed time from initial disturbance (removing 
nestlings from their nest for sampling) to baseline blood sample collection, in all analyses with 
baseline CORT as the response variable to control for the significant positive relationship found 
between latency time (all under 3 mins) and baseline CORT concentration (linear regression: n = 
102, F1, 100 = 19.14, P < 0.0001). Collinearity of all variables was assessed using JMP software 
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(Professional v9), and the general linear mixed models were performed using SAS statistical 
software (v9.2). There were no sex differences in either baseline CORT (Welch two-sample t-
test: females = 45, males = 55, t94.78 = 0.27, P = 0.79) or stress-induced CORT (Welch two-
sample t-test: females = 47, males = 58, t98.28 = -1.31, P = 0.19), so we did not separate male and 
female CORT concentrations in our analyses. We also did not control for either brood size or 
brood size manipulation treatment in the models, as these variables are part of the shared 
environment experienced by nest mates. However, to directly analyze whether the brood size 
treatment had a significant influence on CORT secretion, we later constructed models to test the 
influence of this factor. 
Variance Components for dyad differences in CORT 
 To assess the genetic and environmental effects on baseline and stress-induced CORT, 
we analyzed the difference in CORT between nestlings that were arranged into dyads according 
to their genetic (full siblings, maternal half siblings, or unrelated) and environmental (same nest 
or different nest) relationships. Our analysis included dyads with the following genetic-
environment relationships: 19 full sib-different nest, 61 full sib-same nest, 9 half sib-different 
nest, 32 half sib-same nest, and 34 unrelated-same nest pairs. We also generated 61 dyads of 
nestlings raised in different nests at either the same site or from different sites to account for 
environmental differences beyond the nest. The absolute difference in CORT measurements 
between nestlings within a dyad was calculated for both baseline (‘delta baseline’) and stress-
induced (‘delta stress’) CORT. The variation in delta baseline and delta stress among the 
different relationship levels was analyzed in separate linear mixed models. Using the REML 
method we estimated variance components for the fixed effects ‘genetic relationship’, 
‘environment’, and the interaction between those terms; latency time was also included as a fixed 
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effect in the delta baseline model. The random effects ‘bird ID’ and ‘site’ were included both 
models. Including bird ID in the analysis controls for any variation due to an individual being 
represented in more than one genetic relationship-environment dyad. Site was also included in 
the model to control for any potentially confounding effects that shared environment may have 
on CORT concentrations beyond the nest.  We used least square mean differences to compare the 
differences of delta baseline and delta stress among levels of genetic relationship and 
environment.  
Estimating Heritability with full siblings 
 We estimated heritability of baseline CORT and stress-induced CORT in separate general 
linear mixed models using the restricted maximum likelihood (REML) method. We used CORT 
concentrations from 68 full siblings to calculate variance components with ‘nest origin’ and ‘nest 
reared’ as random effects. Blood sampling date was included as a fixed effect in both models, 
and latency time and mass were also included as fixed effects in the baseline CORT model. We 
did not include latency time or mass in the stress-induced CORT models as neither of these 
variables had a significant effect on the stress-induced CORT measurement. The heritability of a 
trait (h
2
) was calculated as described in Falconer and Mackay (1996), and is the genotypic 
variation due to additive genetics (VA) divided by the phenotypic variation (VP). To calculate VA, 
we multiplied the estimated variance due to ‘nest of origin’ by two because full siblings share 
50% of their genes. Environmental variation (VE) was calculated as the ‘nest reared’ estimate of 
variance. Phenotypic variation was then calculated as the sum of the two variance components 
(VA and VE) and the residual variance (VR). These calculations were performed to estimate 
heritability (h
2 
= VA/ VP) and common environmental effect (c
2 
= VE/VP) for both baseline and 
stress-induced CORT concentrations. Confidence intervals (C.I.) were calculated for h
2
 and c
2
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from the sampling variance and standard error as described in Falconer and Mackay (1996). The 
genetic coefficient of variation (CVg) is the square root of VA divided by the trait mean 
(calculated from the untransformed CORT concentrations) and multiplied by 100. CVg is a 
standard value reported in heritability literature to provide a comparative measurement of a 
trait’s ability to respond to selection (i.e. evolvability) (Houle 1992).  
 
Results 
Analysis of dyad differences in CORT 
Using linear mixed models to estimate the effects of genetic relatedness and common 
environment on CORT concentrations, we found a significant effect of environment on the 
difference in baseline CORT (delta baseline) among dyads of nestlings raised in the same nest 
and nestlings raised in different nests. Least square mean differences indicate that dyads 
consisting of full siblings and half siblings had significantly smaller differences in baseline 
CORT compared to unrelated nestlings, but there were no significant differences between full 
siblings and half siblings (mixed model: unrelated nestlings & full siblings t189 = 2.30, P = 0.02, 
unrelated nestlings & half siblings t195 = 3.37, P = 0.001, full & half siblings t195 = 3.37, P = 
0.19). There was no significant effect of the genetic relationship (full sib, half sib or unrelated), 
the interaction between genetic relationship and environment, or latency time on delta baseline 
(Figure 2.1). 
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For delta stress, there was a signific 
 
 
For delta stress, there was a significant effect of the genetic relationship between 
nestlings. Least square mean estimates indicate that the effect of genetic relationship on stress-
induced CORT stemmed mainly from significant differences among unrelated nestlings raised in 
different nests and related nestlings in both same and different nests. There was a non-significant 
effect of environment, and a marginally non-significant interaction between genetic relationship 
and environment on stress-induced CORT (see Table 2.1 and Figure 2.2). While the same nest 
comparisons have smaller differences than different nest comparison for full sibs and unrelated 
nestlings, this pattern is reversed in half sibs, but because there is a smaller sample size for the 
half-diff group, the half sibs results should be interpreted with caution. 
Figure 2.1.   Estimates of the least square means ± SE for the average difference in 
baseline CORT among dyads according to the interaction between environment (same 
nest or different nest) and genetic relationship (full sibs, half sibs, or unrelated 
nestlings). There was a significant difference in the least squares means between same 
nest and different nest, but there were no differences in the least squares means among 
full siblings, half siblings, and unrelated nestlings.  
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Table 2.1.   Linear mixed models of the difference in natural log-transformed measures of 
baseline (delta baseline) and stress-induced (delta stress) CORT (ng/ml) between nestlings of a 
given genetic relationship (full siblings, maternal half siblings, or unrelated) and environment 
(raised in same nest or different nest). Latency time is the elapsed time between initial nest 
disturbance and blood sample collection, and was found to be significantly correlated with 
baseline CORT concentrations in the dataset where each nestling is represented once. ‘Bird ID’ 
and ‘site’ were included as random effects. 
Dependent Variable Predictor Num df Den df F P 
Delta baseline  Environment 1 144 11.40 0.001 
Genetic Relationship 2 167 0.72 0.49 
Environment*Relationship 2 163 0.19 0.83 
Latency Time 1 80.3 2.40 0.13 
Delta stress Environment 1 189 0.22 0.64 
 Genetic Relationship 2 185 6.65 0.002 
 Environment*Relationship 2 176 2.83 0.06 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.   Estimates of the least square means ± SE for the average difference in stress-
induced CORT (ng/ml) (delta stress) among nestlings grouped by environment (same nest or 
different nest) and genetic (full sibs, half sibs, or unrelated nestlings) relationships. There 
was no effect of environment on stress-induced CORT, but there was a significant effect of 
genetic relationship.  
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Heritability Estimates 
 Mass and latency time had significant effects on baseline CORT (ng/ml), but blood 
sampling date did not (mixed model: n = 65, latency time F1, 60.1 = 19.79, P < 0.0001; mass F1, 
36.9 = 14.63, P = 0.0005, date F1, 27.7 = 2.00, P = 0.17).  The estimated heritability of baseline 
CORT for full siblings was 0.39 with a common environmental effect of 0.04. The calculated 
confidence intervals suggest that the h
2 
and c
2
 estimates are not significantly different from zero. 
We calculated CVg of baseline CORT as 11.34 (see Table 2.2).  
 
Table 2.2.   Linear mixed models of baseline and stress-induced CORT from full siblings with 
nest origin and nest reared as random effects. VA is the variance component for nest of origin 
multiplied by two, VE is the variance component for nest reared, VR is the residual variance 
component, and Vp is the sum of VA, VE, and VR. The heritability (h
2
) estimate was calculated as 
VA/ Vp, and we found common environment effect (c
2
) from VE/ Vp. The trait mean calculated 
from the untransformed baseline and stress-induced CORT concentrations were used to estimate 
the genetic coefficient of variance (CVg). 
 ln Baseline CORT (ng/ml)  ln Stress-Induced CORT (ng/ml) 
 Estimate CI  Estimate CI 
n 65   67  
VA  0.23   0.08  
VE  0.02   0.10  
VR 0.45   0.05  
Vp 0.59   0.19  
h
2 
0.39 -0.22 – 1.00  0.42 -0.20 – 1.04 
c
2 
0.04 -0.10 – 0.18  0.54 0.04 – 1.03 
Trait mean 1.00 ± 1.00 sd   3.24 ± 0.45 sd   
CVg 11.34   1.00  
 
 Stress-induced CORT was not significantly influenced by blood sampling date (mixed 
model: n = 67, date F1, 34.8 = 1.52, P = 0.23). Stress-induced CORT concentrations among full 
siblings exhibited an estimated heritability of 0.42, with a similar common environmental effect 
of 0.54, and a CVg of 1.00. The confidence interval for h
2 
implies that it is not significant from 
zero whereas
 
the estimated c
2
 is significantly different from zero (see Table 2.2).
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To assess the role of our experimental manipulation of brood size (a measure of 
environmental variation), we carried out additional analyses to control for the brood size 
treatments in our heritability models. This was conducted in a similar manner as the baseline and 
stress-induced heritability models described above with ‘nest of origin’ and ‘nest reared’ as 
random variables and brood size treatment (increased, decreased, or control) as a fixed effect in 
addition to the other fixed effects included previously. We found that brood size treatment had a 
significant effect on baseline CORT (mixed model: n = 65, mass F1, 56.6 = 13.27, P = 0.006, date 
F1, 33.4 = 0.66, P = 0.42, brood size treatment F2, 37.3 = 3.41, P = 0.04, latency time F1, 58.9 = 11.60, 
P = 0.0012), but no significant effect on stress-induced CORT (mixed model: n = 67, date F1, 32.4 
= 1.11, P = 0.30, brood size treatment F2, 22.8 = 1.04, P = 0.37). For the baseline CORT model, 
we calculated h
2
 as 0.41 and c
2
 as 4.86 x 10
-16
; controlling for brood size treatment produced a 
similar heritability estimate as the previous model but greatly reduced the common 
environmental effect. The estimated h
2
 and c
2 
for the stress-induced CORT model were not 
significantly different from the previous model. 
 
Discussion  
 
This study assessed the genetic and environmental contributions to variation in plasma 
CORT concentrations by estimating the effects of genetics and common environment on 
variation in baseline and stress-induced CORT. We also estimated the heritability and common 
environmental effects for full siblings. To tease apart variation in CORT due to genetics and the 
environment, we conducted a cross-fostering experiment to allocate genotypes across different 
nest environments where two nestlings were moved the day after hatching into a different nest 
with the same hatch date.  
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Baseline CORT 
Our dyad-based analysis of the differences in baseline CORT concentrations between 
individuals of a given genetic and environmental relationship revealed no significant differences 
in baseline CORT among full siblings, half siblings, and unrelated nestlings. There was, 
however, a significant effect of environment on the average differences in baseline CORT. If 
baseline CORT is predicted to be influenced more by genetics, we would expect to find smaller 
differences in baseline CORT among full siblings compared to unrelated nestlings regardless of 
nest origin and nest reared. Instead, nestlings raised in the same nest comprised of individuals 
with both shared and different genetic backgrounds had more similar baseline CORT 
concentrations compared to full sibs, half sibs, and unrelated nestlings that were raised in 
different nests. This suggests that the variation in baseline CORT in our barn swallow population 
is influenced more by environmental conditions than by genes.    
Using full siblings raised in same nest and different nests, we calculated a moderate h
2
 
estimate of 0.39 and a low c
2
 of 0.04 for baseline CORT. These findings alone would suggest 
that genetic variation has a moderately high influence on the variation in baseline CORT 
secretion with little contribution from common environmental factors. However, the model for 
the dyad differences in CORT showed a significant environmental effect on delta baseline and no 
significant genetic effect when we include nestlings of various genetic backgrounds raised in the 
same nest verses different nests.  The inconsistency of suggested genetic and environmental roles 
between the two models could be largely due to the different approaches of analyzing the effects 
of genes and environment on CORT as well as sample size. In the analysis with dyad differences, 
we analyzed the relative differences in CORT concentrations among individuals of all possible 
gene-environment relationships. By comparing the gene-environment interactions between full 
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siblings, half siblings and unrelated individuals that were raised in shared and separate nests, this 
provided a more robust analysis of the relative influences of genetic background and common 
environment on the variation that exists among nestlings in our population. In the heritability 
model, we analyzed the variation in baseline CORT among full siblings only, with nest origin 
and nest reared as random effects. We calculated the proportion of baseline CORT variation due 
to genetic variation from the nest of origin variance component, and the variance component 
calculated from nest reared gave us a sense of the variation due to shared environment. However, 
out of the 68 full siblings included in the models only 13 were raised in a different nest than their 
nest of origin. Because the majority of nestlings in the model were reared in the same nest that 
they originated from, shared environmental factors (including the influence of brood size 
manipulations) may be inflating the heritability estimate for baseline CORT. Additionally, 
sample size was smaller than the original experiment because we were unable to verify parentage 
for some broods, and also had to exclude baseline CORT measurements from blood taken after 3 
minutes. The small sample size also contributed to large C.I.s, and due to these sample size 
issues we can conclude that our h
2
 estimate for baseline CORT secretion should be interpreted 
with some caution. We can infer that with a larger sample size we would find a more reliable 
estimate of the underlying genetic variation contributing to baseline CORT secretion patterns. 
Nonetheless, we were able to tease apart the relative genetic and environmental influences on 
baseline CORT variation from our more comprehensive dyad-differences analysis, which 
suggests that the environment is a better predictor of baseline CORT. 
Across avian species, individual repeatability for plasma baseline CORT concentrations 
appears to be low both within and across seasons (Cockrem and Silverin 2002, Romero 2002, 
Ouyang et al. 2011) exemplifying the versatility that baseline CORT exhibits in response to 
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fluctuating environments. The alteration in baseline CORT secretion that is apparent at different 
life history stages also likely functions to meet changes in metabolic demands (Landys et al. 
2006), and is probably influenced greatly by environmental factors. However, studies that look at 
the effects of exposure to prolonged stress during development do not show organizational 
effects on baseline CORT levels that would otherwise alter secretion patterns later in life 
(Entringer et al. 2009, Federenko et al. 2004). Therefore, there may be some underlying genetic 
variation that determines circulating baseline CORT levels.  
When delving further into the types of environmental variables that could contribute to 
our c
2
 estimates in the baseline CORT model, we found that brood treatment (increased, 
decreased, or control) did not significantly change the estimated h
2
, but greatly reduced the 
environmental variance component as well as our calculated c
2
. This suggests that some of the 
environmental variation in baseline CORT is attributed to our experimental increase and 
reduction of brood size. By increasing or decreasing the brood size experimentally, we 
uncoupled parental care ability from brood size, which may have affected parental provisioning 
or other adult behaviors directed towards nestlings. If parental behaviors were altered by a 
perceived change in brood size, this could translate into changes in nestling baseline CORT from 
changes in environmental quality, allowing nestlings to adjust their energy levels needed to meet 
the current metabolic demands. 
 
 
  
 
Stress-Induced CORT  
Both methods of analysis revealed similar patterns in the influence of genetic and 
environmental factors on stress-induced CORT. The heritability and common environmental 
effect estimates for stress-induced CORT among full siblings was well supported by the dyad 
differences analysis. Estimates of heritability (h
2 
= 0.42) and the common environmental effect 
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(c
2
 = 0.54) were both greater than the respective estimates in baseline CORT, supporting a strong 
role of both genetics and the environment in shaping variation in the secretion of CORT in 
response to stressors. Likewise, we found that there was a strong effect of genetic relationship on 
the difference in stress-induced CORT between full siblings, half siblings, and unrelated 
nestlings, where unrelated nestlings differed more than related individuals. The interaction 
between relationship and environment was marginally non-significant with the greatest 
differences found among unrelated and related nestlings raised in same and different nests, which 
suggests that environment also has the potential to influence stress-induced CORT secretion even 
though, overall, there was not a significant difference between nestlings raised in same or 
different nests. 
Our findings of moderate heritability in stress-induced CORT are in agreement with 
studies that utilized the method of selecting for high and low stress-induced CORT lines 
(Satterlee and Johnson 1988, Evans et al. 2006, Touma et al. 2008). Conversely, our moderate c
2
 
estimate is higher than what is typically suggested by most selection studies. Heritability 
estimates and common environmental effects are known to differ by populations and species, so 
comparatively, differences in h
2
 and
 
c
2
 are to be expected (Williams 2008).  Moreover, lab 
studies are typically done under standardized conditions that artificially reduce environmental 
effects. Therefore, our study provides a more realistic estimate of the environmental influence on 
CORT secretion, and is among the first to elucidate the relative contributions of genetic and 
environmental variation to CORT secretion profiles. However, our estimate of h
2
 for our natural 
barn swallow population compared to selection studies under laboratory settings was slightly 
higher, and this is likely due to sample size. As mentioned previously, the majority of full 
siblings included in the heritability analysis had the same nest of origin and nest reared, which 
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could inflate the estimated h
2
 due to shared genes and environment, and the small sample size 
impacted the C.I. calculations yielding a large interval range. Nevertheless, the moderate 
estimates of heritability for variation in stress-induced CORT found in our study and in selection 
studies are well supported by studies that show that plasma stress-induced CORT concentrations 
can be highly repeatable both within and across years (Cockrem et al. 2009, Adams et al. 2011, 
Rensel & Schoech 2011, Cook et al. 2011, Wada et al. 2008).   
In addition to the contribution of genetics to variation in stress-induced CORT secretion, 
several environmental factors are known to contribute to shaping individual stress responses, and 
this is in support of our strong, significant c
2
 estimate for stress-induced CORT. There is a 
certain degree of plasticity in individual CORT profiles that is shaped by the environment during 
both prenatal and postnatal development (Entringer et al. 2009, Kapoor et al. 2006), which can 
have permanent organizational effects on the HPA axis and glucocorticoid secretion in 
subsequent years. Although we were not able to account for maternal effects in our current study, 
the deposition of CORT in eggs can also produce profound consequences on nestling condition, 
long-lasting changes in HPA responsiveness, and organizational effects on sex determination 
(Hayward and Wingfield 2004, Love et al. 2005). With a larger sample size for our paternal half 
siblings, we might have been able to elucidate some of the variation due to maternal effects, but 
this is quite difficult with our study system. Moreover, exposure to prolonged stressors during 
postnatal development can shift stress reactivity outside the normal response range, which may 
produce behaviors that are maladaptive to fitness (Entringer et al. 2009, reviewed in 
Charmandari et al. 2005). That the stress response exhibits plasticity mediated by environmental 
conditions supports our finding that there is a strong effect of common environment.  
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Conclusions 
If selection operating on CORT secretion drives changes in other physiological and 
behavioral traits (Dufty et al. 2002, Zera et al. 2007, Adkins-Regan 2008), then individual 
variation in CORT secretion has the potential to affect fitness by influencing tradeoffs between 
survival and reproduction. For example, individuals with high acute stress reactivity may 
prioritize survival at the cost of reproduction during stressful events (Wingfield & Sapolsky 
2003). Conversely, low stress reactivity may impair short-term survival but increase reproductive 
output (Bókony et al. 2009, Lendavi et al. 2007, reviewed in Wingfield and Sapolsky 2003). 
Even though it is well supported that CORT is a likely candidate for mediating life history 
strategies, we still lack a clear understanding of 1) how consistent or flexible an individual’s 
CORT profile is through time, 2) what factors determine consistency and flexibility of CORT 
and 3) the effects of low and high CORT profiles on fitness. Despite conflicting conclusions 
drawn from the literature assessing the relationship between CORT profiles and fitness, it is clear 
that there is substantial variation among individuals in baseline and stress-induced CORT 
secretion and this variation can, in some cases, predict reproductive success and survival. Thus, 
these patterns support the potential for evolution to shape CORT secretion patterns through 
natural selection processes.  
 Our analyses revealed a relatively strong role of environment for both baseline and stress-
induced CORT section. We can therefore conclude that CORT profiles are flexible and 
responsive to changing environmental conditions. The relatively high heritability estimates for 
baseline and stress-induced CORT also suggest that there is a potential for selection to operate 
on individual variation in CORT profiles that modulate physiological and behavioral responses 
most adaptive in a given environment, although these heritability estimates were constrained by 
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our limited sample size and represent less conservative estimates of the potential underlying 
genetic variation influencing CORT profiles in the true population. The most exciting and novel 
aspect of this study is that it is among the first to provide insight to the estimated genetic and 
environmental factors that determine variation in CORT in a natural population. Our findings 
will contribute to our overall understanding of an individual’s flexibility in CORT responses to 
changes in life history stages and the environment as well as the ability for natural populations to 
evolve CORT secretion profiles that are adaptive to fitness. 
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